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Protein kinase C in mouse kidney: Effect of the Hyp mutation and
phosphate deprivation. To test whether protein kinase C plays a role in
the regulation of renal brush border membrane phosphate transport and
mitochondrial vitamin D metabolism, we examined the activity, distri-
bution and endogenous substrates of protein kinase C in renal subcel-
lular fractions derived from two mouse models exhibiting perturbations
in both renal functions. The X-linked Hyp mouse is characterized
by reduced phosphate transport and 1 ,25-dihydroxyvitamin D3
(1 ,25(OH)2D3) synthesis relative to normal, whereas the phosphate-
deprived mouse exhibits elevated phosphate transport and vitamin D
hormone synthesis. Protein kinase C activity was higher in renal cytosol
of Hyp mice, when compared to normal littermates (358 11 vs. 244
31 pmol 32P/mg prot/min, P < 0.02), whereas genotype differences in
brush border membrane and mitochondrial kinase were not apparent.
Phosphate deprivation of normal mice elicited a 50% reduction in brush
border membrane protein kinase C (from 819 56 to 460 48 pmol
32P/mg prot/min, P < 0.03), an increase in mitochondrial kinase (from 57
7 to 87 10 pmol 32P/mg prot/min, P < 0.03), and no change in
cytosolic kinase activity. Phosphate deprivation of Hyp mice led to an
increase in mitochondrial protein kinase C (from 72 7 to 98 9 pmol
32P/mg prot/min, P < 0.03) and no change in either brush border
membrane or cytosolic kinase activity. Phosphate deprivation elicited
an adaptive increase in the apparent Vmax for brush border membrane
phosphate transport in both normal (from 518 54 to 1288 126 pmol
32P/mg prot/6s, P < 0.001) and Ilyp mice (from 253 30 to 962 62
pmol 32P/mg prot/6s, P < 0.001) with no change in apparent Km.
Circulating levels of I ,25(OH)2D were increased (2.2-fold) in normal
mice and decreased (0.4-fold) in Hyp mice fed the low phosphate diet.
Genotype and dietary effects on protein kinase C-dependent phosphor-
ylation of endogenous proteins in renal subcellular fractions are also
described. Although it is not clear whether protein kinase C influences
the expression of the renal abnormalities in phosphate transport and
vitamin D metabolism in mutant Hyp mice, our data suggest that protein
kinase C may play a role in the renal adaptive responses to phosphate
deprivation in normal mice.
The murine X-linked Hyp mutation and dietary phosphate
deprivation are associated with specific alterations in renal
epithelial phosphate transport and vitamin D metabolism [1].
Mutant Hyp mice exhibit a decrease in Nat-dependent phos-
phate uptake at the renal brush border membrane [2, 3] and a
blunted response to activators of renal mitochondrial 1,25-
dihydroxyvitamin D3 (1 ,25(OH)2D3) synthesis [4—61. In con-
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trast, dietary phosphate restriction elicits an adaptive increase
in brush border membrane Nat-phosphate co-transport [7—101
and a stimulation of the mitochondrial production of 1 ,25(OH)2D3
[11, 12].
Although these eenetically- and environmentally-induced
changes in renal function have been well documented by
several groups [1—121, the intracellular mechanisms responsible
for these changes have not yet been elucidated. It is well
established that phosphorylation of cellular proteins plays a key
role in the regulation of cellular function [13]. To our knowl-
edge, there are no reports describing the involvement of protein
kinases in the adaptive renal response to phosphate depriva-
tion. However, a number of studies have examined the role of
protein kinases in the expression of the Hyp mutation. It has
been demonstrated that cAMP-dependent phosphorylation [14,
15] and dephosphorylation [14] of brush border membrane
proteins do not differ significantly between Hyp mice and their
normal littermates. In addition, cAMP-dependent protein ki-
nase (protein kinase A) and protein kinase inhibitor activities
are similar in renal cytosolic fractions prepared from both
gerotypes [161. By contrast, the activity of calcium-activated
phospholipid-dependent protein kinase (protein kinase C) is
significantly elevated in the renal cytosol of Hyp mice relative
to normal mice [16]. The same study showed that this elevation
in protein kinase C activity was specific to the kidney suggest-
ing that it may be related to the renal defects in phosphate
transport and vitamin D metabolism in the mutant strain [161.
Protein kinase C is a ubiquitous serine and threonine kinase
[17] which has been implicated in the regulation of solute
transport and steroidogenesis in a variety of mammalian tissues
[18, 19]. Recent studies have demonstrated that phorbol myris-
tate acetate [PMA], a phorbol ester that activates protein kinase
C, inhibits phosphate uptake in opossum kidney cells [20, 211,
and alters vitamin D metabolism in cultured chick renal cells
[22]. In those studies, however, the PMA-induced changes in
phosphate transport and vitamin 0 metabolism were not cone-
lated with a concomitant increase in cellular protein kinase C
activity.
We have recently described the distribution, kinetic proper-
ties and endogenous substrates of protein kinase C in subcellu-
lar fractions derived from mouse kidney cortex [23]. The
present study was undertaken to examine the effects of the Hyp
mutation and phosphate deprivation on these parameters in
order to determine whether differences in kinase activity can
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account for the differences in phosphate transport and
1,25(OH)2D3 production observed in either mouse model.
Methods
Mice
Normal and mutant Hyp male mice were obtained from our
own breeding colony by crossing C57B l/6J Hyp/+ females with
C57B 1/6J +/Y males. The initial breeding pairs were obtained
from the Jackson Laboratory (Bar Harbor, Maine, USA).
C57B 1/6 males were also purchased from Charles River, Can-
ada, Inc., St. Constant, Quebec. Mice were raised on Wayne
Lab Blox (Allied Mills Inc., Chicago, Illinois, USA). At three to
four months of age, mice were fed Teklad diets containing
either 0.03% phosphate (low Pi diet) or 1% phosphate (control
diet), for four days prior to study. Studies were also done after
one and seven days of phosphate deprivation. The diets were
otherwise identical and contained 1% calcium, and 2.2 IU
vitamin D3/g.
Materials
Lysine-rich histone (type III-S), phenylmethylsulfonylfluo-
ride (PMSF), L-phosphatidyl-L-serine and 1 ,2-dioleoyl-rac-
glycerol (diacylglycerol), sodium dodecyl sulfate and molecular
weight protein standards were purchased from Sigma Chemical
Co. (St. Louis, Missouri, USA). Acrylamide, bis-acrylamide
and other gel reagents and equipment were obtained from
Bio-Rad Laboratories (Richmond, California, USA). [y-32P]
ATP and 32P inorganic phosphate were purchased from New
England Nuclear (Boston, Massachusetts, USA) and valinomy-
cm from Boehringer Mannheim (Mannheini, FRG).
Preparation of cytosolic and particulate fractions
Mice were killed by decapitation and the kidneys quickly
removed. The renal cortex was homogenized in 20 volumes
ice-cold homogenizing buffer containing 0.25 M sucrose, 20 mM
Pipes pH 6.8, 1 mrs EDTA, 2 m EGTA and 0.1 mM PMSF,
with a motor-driven Teflon pestle and glass homogenizer. The
homogenate was centrifuged at 105,000 x g for 60 minutes at
4°C and the supernatant served as the cytosolic fraction. The
pellet was washed with the same volume of homogenizing
buffer, centrifuged at 105,000 x g for 30 minutes at 4°C, and
resuspended in the same buffer to yield a protein concentration
of approximately 20 mg/mI (particulate fraction).
Preparation of mitochondria
Kidneys were homogenized as described above and centri-
fuged at 120 x g for 10 minutes at 4°C. The supernatant was
centrifuged at 9750 x g for 10 minutes at 4°C; the resulting
mitochondrial pellet was washed and finally resuspended in the
same buffer to yield a protein concentration of approximately 20
mg/mi. Mitochondria were enriched 8- to 10-fold with respect to
succinate-cytochrome c reductase, a mitochondrial enzyme
marker, and 0.1-fold with respect to lactate dehydrogenase, a
cytosolic enzyme marker. Marker enzymes were assayed as
described previously [24, 25].
Brush border membrane isolation and transport studies
For protein kinase C studies membranes were prepared
according to the method of Booth and Kenny [26] with the
following modifications: kidney cortex was homogenized in the
homogenizing buffer described above, and purified brush bor-
der membranes were resuspended in the same buffer at a
protein concentration of 4 to 7 mg/mI and stored as pellets at
—70°C [23]; brush border membrane protein yield was approx-
imately 1 mg protein/g kidney. Enrichment of trehalase activity
in purified membranes relative to homogenates was 7- to 9-fold,
as described previously [2]. By contrast, the relative enrich-
ment of succinate-cytochrome c reductase, a mitochondrial
enzyme marker, was 0.1 [2]. Brush border membranes prepared
in this fashion exhibited Na-dependent phosphate transport
with overshoot as described previously [2].
For transport studies, freshly prepared membrane vesicies
were suspended in 20 mrs KC1, 260 mM mannitol, 20 mM
Hepes-Tris, pH 7.4 to a final protein concentration of 4 to 6
mg/mi. Valinomycin, dissolved in 100% dimethylsulphoxide
(DMSO), was added to the vesicies to yield a final valinomycin
concentration of 62.5 g/ml. The concentration of DMSO did
not exceed 0.25%. The uptake of 32P inorganic phosphate was
measured at six seconds at 22°C under voltage clamp, zero
trans-sodium and phosphate conditions, by the rapid filtration
technique using 0.45 zm Millipore filters [2]. Transport studies
were performed in quadruplicate in both 100 mM KC1, 100 mM
mannitol, 20 mrt Hepes-Tris, pH 7.4 and 100 mrvi NaCI, 20 mM
KCI, 60 mrvi mannitol, 20 mii Hepes-Tris, pH 7.4 over a
phosphate concentration range of 0.01 m to 1.0 m. The
reaction was quenched by the addition of ice-cold stop solution,
containing 100 mM NaCI, 100 mM mannitol, 1 mM NaN3, 10 mM
Na2HAsO4 and 20 m Hepes-Tris, pH 7.4. The Na-dependent
component of transport, obtained by subtracting diffusional
uptake measured in the KC1 medium from total uptake mea-
sured in the NaCl medium, was used to calculate kinetic
parameters by Eadie-Hofstee transformation of the data.
Solubilization of subcellular fractions
Prior to protein kinase C assay, the homogenate, particulate,
mitochondrial and brush border membrane fractions were
treated with an equal volume of 0.4% Triton X-100 for 60
minutes on ice and diluted with the homogenizing buffer so that
the final Triton X-100 concentration in the assay was 0.005%
[231.
Protein kinase C assay
(1) Exogenous phosphorylation. Enzyme activity was mea-
sured as 32P incorporation from y-32P-ATP to calf thymus
histone (type III-S). The reaction mixture (100 .d) consisted of
25 m Pipes, pH 6.8, 10 mri MgC12, 1 mM 2--mercapto-
ethanol, 40 jsg histone, 0.2 mM EGTA and 0.1 mM EDTA.
When present, CaCl2 concentration was 500 M (buffered with
EGTA according to Bartfai [27] to give a final calcium concen-
tration of 300 /sM), phosphatidylserine, 3 pg/100 p1 assay, and
diacylglycerol, 1.25 jsg/l00 p1 assay, A five-fold concentrated
stock of phosphatidylserine and diacyiglycerol was prepared in
water by sonication under N2 and stored on ice prior to assay.
To ensure linearity, protein concentration per 100 pl assay
volume was approximately 15 jsg for homogenate, 30 pg for
cytosol, 25 pg for mitochondria and 5 g for brush border
membranes.
The reaction was initiated by the addition of 732P-ATP (200
cpm/pmol, final concentration, 0.3 mM), after 1.5 minute prein-
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cubation at 30°C, and stopped after three minutes (homogenate,
particulate and mitochondria), or 5 minutes (cytosol and brush
border membranes) of incubation [23], by spotting 50 p1 ali-
quots of reaction mixture onto 2 x 2 cm souares of phospho-
cellulose paper as described previously [281. The squares were
immediately immersed in 75 m phosphoric acid and left
overnight, then washed three times in the same solution by
stirring for 10 to 15 minutes. Squares were then dried with ethyl
ether. The 32P incorporated into histone was determined by
liquid scintillation counting. Background activity was deter-
mined from a reaction mixture containing buffer instead of
enzyme.
(2) Endogenous protein phosphorylation. The procedure was
similar to that described above for exogenous phosphorylation
except that histone was omitted from the reaction mixture. The
reaction was initiated by the addition of y-32P-ATP (°8000 to
10,000 cpmlprnol, final concentration 0.005 mM) after 1.5
minute preincubation at 30°C. Incubation time varied for the
various subcellular fractions: five minutes for cytosol, five
minutes for mitochondria and four minutes for brush border
membranes. These incubation times were based on time
courses for each subcellular fraction [23]. The reaction was
stopped by the addition of 0.1 ml "stop solution" containing
20% glycerol, 4% SDS, 1.66% NaH2PO4, 10% 2-/3-mercapto-
ethanol and 10% bromophenol blue, pH 6.8 followed by 1.5
minute boiling. Aliquots of the reaction mixture containing
equivalent amounts of protein and radioactivity were applied to
SDS-polyacrylamide gels, consisting of 10% acrylamide in the
resolving gel and 4.6% in the stacking gel. Electrophoresis was
carried out according to the method of Laemmli [29] on a
Bio-Rad slab-gel electrophoresis apparatus using a gel thickness
of 1.5 mm, for 14 to 16 hours. Molecular weight marker proteins
were f3-galactosidase (116 KDa), phosphorylase B (97 KDa),
bovine plasma albumin (66 KDa), ovalbumin (45 KDa), and
carbonic anhydrase (29 KDa). Gels were stained with 0.1%
Coomassie blue, destained and dried. Autoradiography was
performed using Kodak X-Omat AR-S films in exposure holders
with intensifying screens (1 to 3 days exposure time). 32P
incorporation into proteins was quantified by scanning autora-
diograms on a laser densitometer (LKB-2202 ultroscan) using a
KB-2220 recording integrator. The scanner was calibrated by
exposure to an area of film with no phosphorylation. The extent
of phosphorylation of each protein was calculated as the ratio of
arbitrary phosphorylation units (derived from the densitometer
integrator) in the presence of calcium, phosphatidylserine and
diacylglycerol, to phosphorylation in the absence of calcium,
phosphatidylserine and diacylglycerol. Proteins derived from
renal subcellular fractions were designated substrates for pro-
tein kinase C when their phosphorylation in the presence of
calcium, phosphatidylserine and diacylglycerol was at least
1.5-fold greater than basal phosphorylation (in the absence of
calcium, phosphatidylserine and diacylglycerol) in at least four
different preparations. Genotype and diet-induced changes in
protein kinase C-dependent phosphorylation of endogenous
proteins, expressed as percent change from the control, were
apparent in at least four different preparations.
Other determinations. Protein concentrations in subcellular
fractions were determined by the method of Lowry et al [30]
with bovine serum albumin as standard. The concentrations of
serum phosphate, urine phosphate and urine creatinine were
Table 1. Effect of the Hyp mutation and phosphate deprivation on
serum phosphate and urine phosphate/creatinine ratio
Normal Hyp
Serum Pi mM
Control diet 2,48 0.10 1.70 0.08a
Low Pi diet 1.29 005b 0.98 0,05a,b
Urine Pilcreatinine°
Control diet 34.3 6.5 45.2 5.8
Low Pi diet 0.22 0•04b 0.18 0,04b
Data depict mean SEM derived from at least 5 mice in each group.
a Effect of mutation, p < 0.01b Effect of diet, p <0.01
Urine Pi/creatinine ratio is based on the m concentration of each
solute in urine
determined using Lancer Rapid Stat Diagnostic Kits (Lancer,
Sherwood Medical, St. Louis, Missouri, USA). The serum
concentration of 1 ,25(OH)2D was measured using a calf thymus
radioreceptor assay kit (Incstar, Stillwater, Minnesota, USA).
Data were analyzed by one way ANOVA and individual means
compared by Student's t-test.
Results
Serum and urine chemistries
The effect of the Hyp mutation and dietary phosphate depri-
vation on serum and urine phosphate are shown in Table 1.
Mutant Hyp mice fed either the control or low phosphate diets
were significantly hypophosphatemic when compared to normal
mice. Both genotypes responded to the low phosphate diet with
a significant fall in serum phosphate and a marked decrease in
the urine phosphate/creatinine excretion ratio.
Protein kinase C
Protein kinase C activity in the renal cytosolic fraction
denied from Hyp mice was significantly higher than that
derived from normal littermates (358 11 vs. 244 31 pmol
32P/mg prot/nlin, for Hyp and normal mice, respectively, N =4,
P < 0.02), as reported previously [16]. Genotype differences
were not apparent in the particulate fraction (228 31 vs. 224
31 pmol 32P/mg prot/min for Hyp and normal mice, respec-
tively; N = 4). Dietary phosphate deprivation had no effect on
protein kinase C activity in renal cytosolic or particulate
fractions derived from both normal and Hyp mice.
Figure 1 depicts the effects of the Hyp mutation and phos-
phate deprivation on protein kinase C activity in purified renal
brush border membranes. Protein kinase C activity is similar in
renal brush border membranes from normal and Hyp mice fed
the control diet. After dietary phosphate deprivation, however,
brush border membrane protein kinase C was significantly
reduced in normal mice but not in Hyp littermates. The diet-
induced decrease in brush border membrane protein kinase C in
normal mice was evident after one day of phosphate depriva-
tion, remained unchanged for seven days (data not shown), and
was associated with a decrease in apparent Vmax (from 819 56
to 460 48 pmol 32P/mg prot/min, N = 6, P < 0.001) and no
change in apparent Km for ATP (35.9 5.2 /sM and 36.8 3.7
sM for mice fed the control and low phosphate diets, respec-
tively, N = 6).
Figure 2 shows the effects of the Hyp mutation and dietary
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Fig. 1. Effect of the Hyp mutation and phosphate deprivation on
protein kinase C activity in renal brush border membranes. The
membranes were solubilized in 0.2% Triton X-l00 and protein kinase C
was assayed as described in Methods. The bars represent actual protein
kinase C activity, that is, activity measured in the absence of calcium,
phosphatidylserine and diacylglycerol was substracted from activity
measured in the presence of calcium, phosphatidylserine and diacyl-
glycerol. Bars represent mean SEM of 7 experiments done in
triplicate. *Effect of diet, P < 0.03.
Fig. 2. Effect of the Hyp mutation and phosphate deprivation on
protein kinase C activity in renal mitochondria. Mitochondria were
solubilized in 0.2% Triton X-lOO and protein kinase C activity was
assayed as described in Methods, and in the Legend to Figure 1. Bars
represent mean 5EM of 5 experiments done in triplicate. *Effect of
diet, P < 0.03.
phosphate deprivation on protein kinase C activity associated
with the renal mitochondrial fraction. Protein kinase C activity
is similar in renal mitochondria derived from normal and Hyp
mice fed the control diet. In addition, both normals and mutants
responded similarly to dietary phosphate deprivation, with a
small but significant rise in mitochondrial protein kinase C
activity.
Brush border membrane phosphate transport kinetics
The effect of the Hyp mutation and dietary phosphate depri-
vation on renal brush border membrane phosphate transport
kinetics was examined over a phosphate concentration range of
0.01 to 1 mM. We found that neither diet nor mutation had any
effect on the apparent affinity of the transporter for phosphate
(apparent Km = 90 2, 110 20, 60 15 and 74 1 M for
brush border membranes from normal mice fed the control and
low phosphate diets and Hyp mice fed the same diets, respec-
tively; N = 4). Figure 3 depicts the effects of mutation and
dietary phosphate on the apparent Vmax for phosphate trans-
Fig. 3. Effect of the Hyp mutation and phosphate deprivation on renal
brush border membrane, phosphate transport-apparent V,rn, Phos-
phate transport was determined at 6 seconds and kinetic parameters
calculated from the Na-dependent component of transport as de-
scribed in Methods. tEffect of mutation, P < 0.001; *effect of diet, P <
0.001.
Control diet Low P, diet
port. In mice fed the control diet, the apparent max 15
significantly lower in brush border membranes from Hyp mice
when compared to those derived from normal littermates. Both
genotypes exhibited a significant adaptive increase in brush
border membrane phosphate transport in response to
dietary phosphate deprivation. However, the genotype differ-
ence in phosphate transport persisted on the low phosphate
diet. The adaptive increase in Nat-dependent phosphate trans-
port was apparent one day after feeding the low phosphate diet
to normal mice (data not shown) and was maintained for at least
14 days on the diet [9].
Serum concentration of I ,25(OH)2D
The circulating concentrations of 1 ,25(OH)2D were similar in
normal and mutant mice (Fig. 4). However, because hypophos-
phatemia stimulates the renal production of 1 ,25(OH)2D3 [12],
the circulating concentration of the vitamin D hormone is
inappropriately low relative to the serum phosphate concentra-
tion in the mutant strain [4]. Moreover, the response of Hyp
mice to phosphate deprivation was markedly different from that
of normal mice. Whereas the low phosphate diet elicited a rise
in the serum level of l,25(OH)2D in normal mice, phosphate
described in Methods. tEffect of mutation, P < 0.01; *effect of diet, P
<0.01.
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Fig. 4. Effect of the Hyp mutation and phosphate deprivation on the
serum concentration of !,25(OH)2D. The circulating levels ofNormal Hyp I,25(OH)2D were assayed by a calf thymus radioreceptor assay as
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Table 2. Effect of the Hyp mutation and phosphate deprivation on
protein kinase C-mediated phosphorylation of endogenous proteins in
renal subcellular fractions
Control
Normal
diet
Hyp
Low Pi diet
Normal Hyp
Cytosol
35KDa
40—42 KDa
Brush border membrane
40 KDa
Mitochondria
35KDa
42—45 KDa
+
+
—
+
÷a
+
+
—
+
1(43 10)"
1(31 8)
+
1(18 6)
+
1(22 2)
1(25 8)
+
1(13 6)
Endogenous proteins were designated substrates for protein kinase C
when their phosphorylation in the presence of calcium, phosphatidyl.
serine and diacylglycerol was at least I .5-fold greater than basal
phosphorylation in at least 4 preparations of each subcellular fraction.
a — and + signify the absence and presence of an endogenous
substrate for protein kinase C, respectivelyb Low Pi diet-induced changes in protein kinase C-dependent phos-
phorylation of endogenous proteins are expressed as percent change
from control diet. Arrows depict direction of change and numbers in
parentheses represent % change, mean SCM derived from at least 4
preparations.
deprivation of Hyp mice elicited a fall in the circulating con-
centration of the vitamin D hormone (Fig. 4).
Endogenous protein phosphorylation
Protein kinase C mediated the phosphorylation of proteins in
the cytosolic (26 KDa, 40 to 42 KDa, 55 KDa, 66 KDa and 87 to
88 KDa), brush border membrane (22 KDa, 35 KDa, 40 KDa, 54
KDa, and 80 KDa) and mitochondrial fractions (42 to 45 KDa)
derived from normal and Hyp mice fed the control diet. The
only genotype difference appeared to be the presence of an
additional 35 KDa substrate in the cytosolic fraction of mutant
mice (Table 2). Dietary phosphate deprivation led to an altera-
tion in protein kinase C-mediated phosphorylation of cytosolic
(40 to 42 KDa), brush border membrane (40 KDa), and mito-
chondrial (42 to 45 KDa) proteins in both genotypes (Table 2).
In addition, the low phosphate diet led to the appearance of a 35
KDa protein band in the mitochondrial fraction of both geno-
types.
Discussion
The present study was undertaken to establish whether
perturbations in renal phosphate transport and vitamin D me-
tabolism, associated with the X-linked Hyp mutation and phos-
phate deprivation, can be correlated with alterations in the
activity, distribution and endogenous substrates of protein
kinase C in mouse renal cortex. We demonstrate that renal
cytosolic protein kinase C activity is elevated in Hyp mice
relative to normal mice as reported previously [161, whereas
brush border membrane and mitochondrial protein kinase C are
similar in the two strains. Dietary phosphate deprivation of
normal mice elicits a decrease in brush border membrane and
an increase in mitochondrial protein kinase C activity without
altering cytosolic kinase activity. In contrast, the diet-induced
fall in brush-border membrane protein kinase C is not apparent
in the mutant strain. However, like their normal littermates,
phosphate-deprived Hyp mice exhibit an increase in mitochon-
drial protein kinase C and no change in cytosolic kinase
activity.
It is well established that dietary phosphate restriction elicits
an adaptive increase in renal brush border membrane phosphate
transport which is characterized by an increase in apparent
Vmax and no change in apparent Km for phosphate [9, 10].
However, the mechanism for this adaptive response is not
understood. The increase in Vmax may reflect an increase in the
number of phosphate transport units or an increase in functional
activity of existing carriers within the brush border membrane.
Increase in functional activity may be attributed to a diet-
induced change in membrane lipid [311 or to an alteration in the
level of transporter phosphorylation. The present demonstra-
tion of an inverse relationship between brush border membrane
protein kinase C and phosphate transport at one, four, and
seven days after dietary phosphate restriction suggests that the
diet-induced fall in serum phosphate (and subsequent decrease
in phosphate availability to renal cells) may be an important
trigger for the decrease in brush border membrane protein
kinase C activity, which in turn may be responsible for the
increase in phosphate transport activity. This interpretation is
consistent with the demonstration of a temporal relationship
between PMA-induced activation of protein kinase C and
inhibition of Natdependent phosphate transport in mouse
renal tubules [32]. Our data are also consistent with the dem-
onstration that PTH inhibits phosphate transport in OK cells by
a mechanism involving the activation of protein kinase C as well
as protein kinase A [211. In addition, PTH has been shown to
elicit a rise in cytosolic calcium [33] and an increase in diacyl-
glycerol production [34], both of which are known to activate
protein kinase C.
In agreement with previous reports, we also demonstrate that
phosphate deprivation of normal mice elicits an increase in the
plasma concentration of 1 ,25(OH)2D [4], reflecting an adaptive
increase in renal mitochondrial synthesis of the vitamin D
hormone [12]. Phosphate deprivation is also known to decrease
renal 24,25-dihydroxyvitamin D3 production by inhibiting the
mitochondrial 25-hydroxyvitamin D3-24-hydroxylase [11], the
first enzyme in the catabolic C-24 oxidation pathway [35].
Although we demonstrate that the low phosphate diet also
increases renal mitochondrial protein kinase C activity, further
studies will be required to establish whether this stimulation of
kinase activity mediates the diet-induced effects on vitamin D
metabolism. Henry reported a decrease in 1 ,25(OH)2D3 synthe-
sis and an increase in 24,25(OH)2D3 production in PMA-treated
cultured chick kidney cells [221. However, because evidence
for kinase activation and control experiments with an inactive
phorbol analogue were not presented in that study [22], it is not
clear whether the changes in vitamin D metabolism were in fact
mediated by protein kinase C. Moreover, the longterm incuba-
tions of the cultured chick cells with PMA [22] may have led to
down regulation of protein kinase C [36].
In the present study, we demonstrate that particulate, mito-
chondrial and brush border membrane fractions from normal
and Hyp mice have similar protein kinase C activities, suggest-
ing that an alteration in kinase expression in these subcellular
fractions cannot account for the defects in phosphate transport
and vitamin D metabolism in the mutant strain. The present
results also confirm our previous report of elevated protein
kinase C in renal cytosol of Hyp mice [16]. Because a cone-
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sponding reduction in protein kinase C was not apparent in the
particulate fractions derived from the mutant strain, it is un-
likely that abnormal translocation of the kinase from the cyto-
solic to the particulate fractions is responsible for the difference
between the two strains. Further study, however, will be
required to establish whether the renal defects in phosphate
transport and vitamin D metabolism are indeed secondary to
the elevation in cytosolic protein kinase C or whether they
contribute directly to the increase in kinase activity.
Although previous studies have reported an adaptive increase
in brush border membrane phosphate transport in phosphate-
deprived Hyp mice [9], this is the first demonstration that the
increase in phosphate uptake in the mutant strain is associated
with an increase in transport Vmax. In contrast to normal
littermates, however, the adaptive increase in phosphate trans-
port Vmax in the mutant strain is not associated with a decrease
in brush border membrane protein kinase C activity. If the
decrease in phosphate availability is an important trigger for
brush border membrane protein kinase C down regulation, the
present demonstration of normal kinase activity in membranes
from Hyp mice, fed either the control or low phosphate diets,
suggests that regulation of the kinase may be deranged in
mutant mouse kidney. However, the ability of Hyp mice to
exhibit an adaptive increase in brush border phosphate trans-
port after phosphate deprivation suggests that another regula-
tory mechanism may be operative in the mutant strain. Alter-
natively, we cannot rule out the possibility that the adaptive
increase in brush border membrane phosphate transport, which
occurs in response to phosphate deprivation, is not directly
related to the diet-induced decrease in brush border membrane
protein kinase C apparent in normal mice.
In agreement with an earlier report [4], we demonstrate that
Hyp mice exhibit an abnormal vitamin D response to phosphate
deprivation. Whereas the low phosphate diet stimulates the
renal production of 1 ,25(OH)2D in normal mice, phosphate-
deprived Hyp mice exhibit a significant fall in the plasma
concentration of l,25(OH)2D. At present, it is difficult to
ascribe these genotype differences in vitamin D metabolism to
mitochondrial protein kinase C since both normal and Hyp mice
exhibited a similar increase in mitochondrial kinase activity in
response to phosphate deprivation.
We demonstrate that both the Hyp mutation and the low
phosphate diet alter the pattern of protein kinase C-dependent
endogenous protein phosphorylation in renal cytosolic, brush
border membrane and mitochondrial fractions. However, it is
not clear whether these differences are attributable to changes
in protein kinase C activity and/or to changes in the amount of
endogenous substrates in the renal subcellular fractions. More-
over, the biological significance of the reported changes and
their role in mediating the genetically- and environmentally-
induced alterations in phosphate transport and vitamin D me-
tabolism are dillicult to assess at present because the identity
and function of these proteins have not yet been elucidated.
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